Monoterpenoids are natural substances which are found in many higher plant species. These plant secondary metabolites are generally considered as self-defense tactics against the plants' enemies. Our study was aimed at the anticipation of improved biological activities through the synthesis of derivatives of the natural monoterpenoids. We have also developed a systematic bioassay system to evaluate the spectrum of toxicities of the monoterpenoids. The results show that the monoterpenoids, either natural or synthetic, have a relatively wide spectrum of activity against agricultural and public health insect pests. Derivatization, especially, to the acyl derivatives of the monoterpenoids, has significantly improved the acute, fumigant, larvicidal and ovicidal activities against the above insects. The ether derivatives also showed enhanced insecticidal activity. When mosquito larvae were treated with the monoterpenoids at sublethal dosages, insect growth and development activity was observed. The enhanced biological activity of the synthetic derivatives of monoterpenoids indicates that optimal chemical structures for insecticides can be possibly elucidated through the study of structure -activity relationships.
Plant secondary metabolites are a group of natural products which includes thousands of alkaloids, terpenoids, phenolics and minor secondary chemicals. The biological significance of these natural substances is not always clear. One of the theories states that these plant-origin chemical substances have no known biological functions in plant's photosynthesis, growth, or other basic aspects of plant physiology. They are considered merely by-products from the biosynthesis of essential plant hormones and metabolites (7) . However, it is reported that terpenoids play a role in the enzyme systems of plants. They are produced during the plant's dormancy period to maintain the activity of the enzyme systems such as cytochrome P-450 monooxygenase (2, 3) . The most dominant opinion regarding to the biological function of the plant secondary products is probably the theory that the primary purpose of these compounds is defense against the plant's enemies. They repel herbivorous predators such as insects and microorganisms and other parasitic organisms such as nematodes and other competing plant species (4) (5) (6) . Monoterpenoids belong to the terpenoids which is one of the most abundant and potent groups among the naturally-occurring substances having biological activities on insects. These compounds are terminologically ten-carbon compounds based on two isoprene units, and their biosynthesis follows the same pathway (mevalonate pathway) as those of the plant hormones and steroids. Their biological activities with insects, nematodes, phytopathogenic fungi and other plant species are well documented in the recent explosion of literature in chemical ecology (4, 6, 7) . Monoterpenoids are widely distributed in the plant essential oils, the steam-volatile, odorous constituents of many plant materials, and are industrially the most important among the various types of terpenoids. They are used as artificial flavorings, perfumes, decongestants, external analgesics and antiseptics (8, 9) . Some of them such as d-limonene are used as an active ingredient of some commercially available flea shampoos (10) to control those insects on pets. Many of the monoterpenoids are found to possess attractant, repellent, feeding deteriorate, and ovipositional stimulant activities against various insect species (11). Although some of them are also acutely toxic to insects, their acute insecticidal activity is, generally, not as potent as those of the commercial insecticides. Mentha citrata Ehrhart oil, containing linalool and linalyl acetate has shown significant fumigant toxicity to the rice weevil, Sitophilus oryzae (L.) (12) . Pulegone has prolonged larval development, delayed pupal molt, and reduced pupation success in Spodoptera eridania (Cramer) and the southern army worm (3). d-Limonene has been reported to be toxic to Dendroctonus pine beetles (23, 14) , and also inhibits embryonic development in the cat flea, Ctenocephalides felis (Bouche) (15) . More complete reviews of the insecticidal activity of monoterpenoids have been recently published (4, 16) . The biological activities of the monoterpenoids, as well as many other successful cases of natural products, are believed to be related to certain functional groups. It is suggested that the repellent activity of several monoterpenoid compounds are dependent upon the position of the functional groups and the molecular configuration rather than the volatility and molecular size (27). Chemical modification of the natural forms of monoterpenoids may lead to improved biological activity (18) . This research was conducted to evaluate the insecticidal and other biological activities of monoterpenoids through systematic bioassays; to synthesize various analogs of the natural monoterpenoids and compare the respective bioactivities with their parent compounds; to initiate structure-activity relationships; to consider the mode of action of these compounds; and finally to explore new possible insect pest control agents through a biorational approach.
Materials and Methods
The natural monoterpenoid compounds were purchased from Aldrich Chemical Company (Milwaukee, WI). These monoterpenoids were employed in the bioassays with or without purification, depending on the purity. Some of these compounds were used as starting materials for the syntheses of the monoterpenoid derivatives. Other reagents and solvents were all commercial products. Compounds discussed in this paper are shown in Figure 1 .
The synthetic derivatives were purified by using the preparative thin layer chromatography (TLC) plates (Whatman, No. 4861 840, 1 mm layer, fluorescent at 254 nm) and column chromatography techniques. TLC plates were visualized under ultraviolet light (254 nm) for those have UV absorption, or by spraying KMn04 solution for those have no UV absorption. Structures are confirmed using nuclear magnetic resonance (NMR) spectrum.
Syntheses of Monoterpenoid Derivatives.
Synthesis of the Acyl Derivatives. The syntheses of acyl derivatives were achieved by using two synthetic routes depending on the starting materials used. The monoterpenoidal alcohols and phenols were used in the reactions. Haloacyl Derivatives. Acyl derivatives of the monoterpenoidal alcohols or phenols were synthesized by the reaction with acid anhydrides or acid halides in the presence of catalytic quantity of pyridine in CH2CI2 at 0 °C. Usually, 0.01 mol of the starting material (monoterpenoid) was dissolved together with ca. 1 ml of pyridine in 50 ml of CH2CI2 in an Erlenmeyer flask, and cooled in an ice-bath (otherwise the reaction goes too fast to give dehydration products from the monoterpenoid). Equimolar or a slight excess of the acid anhydride or the acid halide was then slowly added while the reaction solution was stirring constantly. The reaction period ranged from a few minutes to several hours, depending on the individual starting material and the reagent used in each case. The reaction solution was washed with dilute HC1 to remove pyridine, and the organic layer was then concentrated and the product separated, followed by purification using TLC or column chromatography. The yield was 75-100%.
Acyl Derivatives with a Monoterpenoidal Acid Moiety. Acyl derivatives of natural monoterpenoidal acid were also synthesized from the monoterpenoidal alcohols and phenols. The reaction was achieved by using dicyclohexylcarbodiimide (DCC) and 4-(dimethylamino)pyridine (DMAP) as a condenser and catalyst. The monoterpenoidal alcohol or phenol (0.01 mol) and the acid (0.01 mol) were dissolved or suspended in 15 ml of dry methylene chloride in a 50-ml round-bottom flask. Equimolar DCC together with or without DMAP was added under constant stirring. This reaction occurs at room temperature, and it is exothermic. DMAP is not necessarily always needed for this reaction, and the solvent CH2CI2 can also be replaced by dry toluene or chloroform. The reaction period also varies from a few hours to several days depending on both the acid and alcohol used. After completion, the reaction mixture was diluted with CH2CI2 and washed with dilute HC1 and water. The product was also separated and purified by using TLC or column chromatography. The yield of this reaction ranges from 75 to 100%.
Synthesis of the Ether Derivatives.
The syntheses of ether derivatives were carried out by using two synthetic routes depending on whether the starting material is aromatic (phenolic) or aliphatic.
Ether Derivatives of Phenolic Monoterpenoids. The ether derivatives of the phenolic monoterpenoids were synthesized from a monoterpenoidal phenol and an alkyl halide in the presence of the phase transfer catalyst, benzyltributylammonium bromide (BTAB). The starting phenol (0.01 mol) was dissolved in 50 ml of CH2CI2 together with the alkyl halide (0.03 mol) and BTAB (0.0005 mol). NaOH (0.015 mol) was dissolved in 50 ml of water. The two solutions were then mixed together and stirred at room temperature. This reaction was only successful using the aromatic alcohol and the alkyl halide. The reverse, i. e. using an aliphatic alcohol and an aryl halide did not yield the desired product. The yield of this reaction varied depending on both the phenol and the alkyl halide used, and the reaction period. Some reactions need more than two weeks to reach 50% of the calculated yield. The halogenated alkyl halides slowed down the reaction and reduced the yield.
Ether Derivatives of the Aliphatic Alcohol Monoterpenoids. This reaction was carried out to make ether derivatives from two different aliphatic alcohol molecules. Two different alcohols (0.01 mol each) were dissolved in 25 ml of pyridine in a flask. Tosyl chloride (TsCl) (0.01 mol) was then added. The mixture was kept stirred at 0 °C. Another 0.01 mol of TsCl was added 2 hours later. The reaction was kept at 0 °C for at least 10 hours. This reaction occurred most readily between primary alcohols. When completed, the reaction mixture was diluted with ethyl ether and washed with saturated NaHC03. The ether layer was further washed with IN HC1, saturated NaHC03 and NH4CI. Purification of the product was achieved using column chromatography. The yield of this reaction was 50-80%.
Bioassays
Bioassay is important and crucial in evaluating the insecticidal activity of a compound. Different exposure routes for one particular compound may cause different degrees or types of toxic activity against one specific insect species. Also, the same or similar activity may be observed from several different compounds in a single bioassay. In this study, the bioassays for the monoterpenoids and their synthetic derivatives include a topical application test on the house fly (Musca domestica) adults; fumigation tests against the house fly, the German cockroach (Blattella germanica), the red flour beetle (Tribolium castaneum), the rice weevil (Sitophilus oryzae), and the sawtoothed grain beetle (Oryzeaphilus surinamensis) adults; larvicidal tests on the western corn rootworm (Diabrotica virgifera virgifera) and the yellow fever mosquito larvae (Aedes aegypti); and an ovicidal test on the house fly eggs. These important agricultural and public health insects were mostiy reared in this laboratory. The detailed procedures for the bioassays on these insect species have been published elsewhere (18, 19) .
Results and Discussion
The monoterpenoids are generally less acutely toxic than the other natural insecticides such as pyrethrins and the conventional insecticides (18, 19) . However, different monoterpenoidal compounds show different levels of toxicity against different insect species. Some insects are more susceptible to some of the monoterpenoids, while others may not be affected by any monoterpenoid at all. Through the relatively wide range of bioactivity survey, we found that the monoterpenoids had a relatively wide spectrum of activity, and some of them, especially the synthetic derivatives of the natural monoterpenoids had shown promising toxicities to some important agricultural and public health insect species. monoterpenoids, a significantly enhanced topical insecticidal activity was observed. These acyl derivatives, which may or may not have one or more halogen atoms in the acid moiety, showed significantly improved topical toxicity as compared to their parent compounds (Table I) .
Thujone is a naturally occurring monoterpenoid. The LC50 against the mosquito larvae (2nd instar) was 228±30 ppm after 24 hours of direct exposure to the aqueous solution of thujone. Its activity against the mosquito larva was dose-dependent. At higher concentrations, it showed acute toxicity while at lower concentrations, thujone showed the insect growth regulatory (IGR) activity (Table II) . One example of a synthetic monoterpenoid derivative, carvyl pivalate produced an LC50 of 73±3 ppm in the same test. The activity of this compound was also dose-dependent and showed a tendency similar to that of thujone (Table II) . Though the QSAR has not been completed and the improvement in insecticidal activity by introducing one particular acid moiety does not always happen to other groups of the monoterpenoids, or to those even in the same group, these results still imply a great possibility that more acutely toxic monoterpenoids can be reached. This is of great importance, since it tells us that the highest acute toxicity of this group of monoterpenoids can be possibly approached by simply derivatizing the naturally occurring compounds.
The mode of action of the acute toxicity of monoterpenoids against insects is not clearly understood. However, Karr et al. (16, 20) in this laboratory have previously revealed that a very common monoterpene, d-limonene, has neurotoxic effects on the earthworm. When the worm was acutely exposed to d-limonene, significant decreases in conduction velocity in the medial and lateral giant nerve fiber pathways were observed. The magnitude of the decrease in conduction velocity was directly related to the concentration and duration of the exposure. This implies that the effect of monoterpenoid on the nerve system of insect might be similar.
Fumigation Tests. Some monoterpenoids and their synthetic derivatives are found to possess comparatively high fumigant properties. There was a distinct correlation between the fumigant toxicity and volatility. The more volatile monoterpenoids were the more effective fumigants (79). Carvacrol is an aromatic (phenolic) monoterpenoid. It showed high mortality to the house fly adult and the sawtoothed grain beetle in a fumigation test, whereas only slight or no effect was observed on the red flour beetle, rice weevil, and the German cockroach (Table IE) . All insects in this fumigation test were exposed to the chemical at a concentration of 50 jig/cm^ and exposed for 14 hours. Derivatization may change the spectrum of fumigation activity. As shown in Table HI , one of the ether derivatives of carvacrol, isopropyl carvacryl ether, showed greatly improved fumigation activities, especially against the German cockroach and the red flour beetle. An acyl derivative, carvacryl pentafluoropropionate, also demonstrated enhanced toxicity against the German cockroach, while it was less toxic against the sawtoothed grain beetle as compared to the parent carvacrol (Table III) . A similar phenolic monoterpenoid compound, thymol, showed less toxicity to the insect pests in the fumigation test, and the derivatization of thymol seemed not to improve its fumigation activity as greatly as it did for the carvacrol derivatives. The ether derivatives of thymol were slightly more toxic than the parent to the house fly adult, but significantly less toxic to the sawtoothed grain beetle. The position of the hydroxyl group on the benzene ring seemed not to be very important to the parent alcohols such as thymol and carvacrol, in the exertion of fumigation activity. The alkyl group of the ether derivatives might play a crucial role in the expression of the fumigant toxicity. The fumigation activities of a variety of different types of monoterpenoids including the alcohols were surveyed (18) . The results have shown that the fumigation activity of the alcoholic monoterpenoids can be enhanced significantly by acylating the hydroxyl group (Table IV) . Both natural and unnatural esters have been tested. The enhanced fumigant toxicity may be attributed to several factors such as the increased volatility and permeability.
Larvicidal Tests. Western corn rootworm is one of the most damaging insects on corn in the corn belt area in the USA. A highly effective larvicide on the western corn rootworm would be expected to prevent a considerable loss of the corn production from the damaging of this insect. We have tested several series of monoterpenoids and their synthetic derivatives against the western corn rootworm larva in the laboratory and found that some monoterpenoid compounds were insecticidal to this agricultural insect pest. This has currently led us to a larger scale experiment in the green house (data not shown). In the laboratory tests, the phenolic monoterpenoid thymol was toxic to the second-instar western corn rootworm at > 100 ppm (chemical/soil), after 24 h of exposure. An ether derivative, 2-fluoroethyl thymyl ether showed an equal or even higher larvicidal activity, while others showed reduced mortality (Table V) . Another phenolic monoterpenoid, carvacrol, only showed a lower larvicidal activity as compared to the thymol, but a greater improvement in the bioactivity was obtained by modification of this monoterpenoid. For example, at 200 ppm, carvacrol killed 50% of the larvae tested, whereas its trifluoroacetate and ethyl ether killed 100% and 80% of the worms, respectively (Table VI) . Neither acyl nor ether derivatives of the linear monoterpenoid geraniol showed enhanced larvicidal activity against the western corn rootworm, though only one example, geranyl pentafluoropropionate, is given in Table V .
Ovicidal Test. This test was conducted in an aqueous solution of the monoterpenoid compound in which the newly laid house fly eggs were dispersed. Generally, the alcoholic monoterpenoids were ovicidal at the test concentration (833 M-g/ml) (18) . The smaller acyl derivatives showed enhanced inhibitory activity on the egg hatching. Acetates of the alcoholic monoterpenoids were more ovicidal than the haloacetates in this test (Table VII) . Insect Growth and Development. As we discussed in the acute toxicity section, at higher doses monoterpenoids and their synthetic derivatives showed acute toxicity against the yellow fever mosquito larva when the larva was directly exposed to the aqueous solution of the monoterpenoidal chemical. However, when we treat the larva at sublethal dosages, interesting insect growth and development activity was observed. Still using thujone and (-)-carvyl pivalate as examples, on the 13th day of the treatment, in the control 55% of the larvae still remained in the larval stage, and 20% and 25% in the pupal and adult stages, respectively. However, when the mosquito larvae were treated with thujone the same day 13 showed the percentages in each stage to be disturbed. At 10 ppm, the percent of mosquitoes in the larval stage was reduced to 27%, while the pupal and adult stages were increased to 32% and 41%, respectively. This shift was further obvious at the concentration of 100 ppm. At this dosage, the percent larvae was further reduced to only 8%, and so was the percent pupae. The greatest percent (ca. 84%) of the tested mosquitoes were in the adult stage (Figure 2 ). This observation tells us that at the sublethal dosages, the growth (life cycle) of mosquito may be quickened by the treatment of the monoterpenoid compound, and the effect can be made stronger in a fashion with the increase of the concentration, i. e. the higher the concentration, the higher the growth effect. This seems also true to the monoterpenoid derivatives. Similar and more dramatic results were obtained with carvyl pivalate (Figure 3 ). In this case, when the concentration was higher than 80 ppm, all of the mosquitoes became pupae or adults, and when treated with 100 ppm, 100% of the treated mosquitoes emerged to adults on the 13th day. A possible insect growth regulator (IGR) effect may be involved, or the additional monoterpenoids may be supplying an essential precursor for hormone synthesis, thereby enhancing the rate of growth and development.
The above results imply a wide spectrum of insecticidal activity of the natural monoterpenoids and their synthetic derivatives, in spite of their chemical ecological properties such as attractants and repellents which have been reviewed and discussed by many researchers (4) (5) (6) 21) . These compounds had the potential of being acute, ovicidal, fumigant, and insect growth regulatory insecticides against various insect species. The modes of action of the monoterpenoids seemed as diverse as their biological activities, and many of them are not well understood. However, we think that the neurotoxic and the IGR effect may be at least part of the mechanisms. Brattsten reported that monoterpenoids were able to induce insect cytochrome P-450, which is a very important enzyme system affecting the biosyntheses of insect hormones and pheromones. In the presence of such monoterpenoids, the disturbed hormone balance might influence the growth of the insects. Monoterpenoids also affect the reproductive success of insects (3) .
The wide spectrum of insecticidal activity of monoterpenoids and their synthetic derivatives indicates that this is a group of natural products with latent insecticidal potential. The enhanced activities shown by some of the derivatives of the natural forms of monoterpenoids also indicate that optimal structures can be elucidated through biorational design of the derivatives. Through the establishment of the structure-activity relationships, we believe that a moderately toxic new group of insecticides is rationally achievable. There are several advantages of using monoterpenoids as lead compounds for new insecticides. The first is their availability. Monoterpenoids are an old but poorly understood group of natural products. These compounds are naturally occurring, and exist abundantly in some plants, marine algae, and insects (4) (5) (6) . They can be relatively easily modified to various derivatives in the laboratory to improve their bioactivity. The second is their bioactivity. With more than 1000 monoterpenoids identified so far, many have been shown to possess interesting chemical ecological properties. They are chemical clues for communications between the plant and insect, within insects, and within plants.
Those monoterpenoids found in marine algae mostly contain halogen(s). These halogenated monoterpenoids generally have high biological activities (5) . Our studies show that the monoterpenoid compounds, natural and synthetic, have a wide spectrum of activity against various insect species. Introducing a halogenated moiety or other group to the natural monoterpenoids may enhance their bioactivities by strengthening the affinity for a receptor or facilitating the penetration of the compound through the insect cuticle or membranes. Thirdly, monoterpenoids are relatively a safe group of natural products. Generally, they are safe to humans and other mammals, and are considered environmentally safe as well.
Conclusion
Utility of a chemical in insect control depends upon several factors which include its spectrum of activity, the potency of the chemical, and how the chemical is delivered. The spectrum of activity of the monoterpenoids, as described above, is relatively wide. The potency, however, for most natural monoterpenoids, is modest, at least when regarded as an acute toxicant to the insects. However, in our study, by adequately modifying the naturally-occurring monoterpenoids, higher insecticidal activities have been obtained. Acyl and ether derivatives of the alcoholic monoterpenoids are good examples. These esters and ethers are generally more lipophilic than their parent compounds, which might contribute to more rapid penetration of the chemical. It is possible that these derivatives, once entered into the insect body, might be hydrolyzed in vivo to the parent monoterpenoidal alcohol, the toxic principal, which then reacts with the receptor(s) to exert the bioactivity.
Data presented in this paper are preliminary. More biologically active monoterpenoidal analogs are being developed, with the aid of the structure-activity relationships study. The studies on the modes of action of the monoterpenoids will also provide feedback for the exploration of new possible insect control agents.
